Neuronal LRP1 knockout in adult mice leads to impaired brain lipid metabolism and progressive, age-dependent synapse loss and neurodegeneration.
Introduction
Genetic, biochemical, animal, and human studies have shown that the amyloid-␤ (A␤) peptide plays a central role in Alzheimer's disease (AD) pathogenesis. However, increasing evidence indicates that both A␤-dependent and A␤-independent mechanisms may contribute to AD. In particular, impaired synaptic and neuronal integrity and functions in the brain may predispose neurons to greater A␤ toxicity and facilitate disease progression in an age-dependent manner.
Cholesterol is an essential component of neuronal membrane and myelin sheaths, and is crucial for synaptic integrity and neuronal function (Pfrieger, 2003) . Reduced synthesis and increased need for cholesterol by neurons in adult brains require active cholesterol transport to these cells to support synaptic functions and repair (Bu, 2009 ). Addition of cholesterol to cultured neurons strongly enhances the number and efficacy of synapses in a manner that depends on apolipoprotein E (apoE) and its receptors (Mauch et al., 2001) . Consistent with this finding, depletion of cholesterol/sphingolipid leads to instability of surface AMPA receptors, and gradual loss of synapses and dendritic spines (Hering et al., 2003) . There is increasing evidence that abnormal cholesterol metabolism in the brain contributes to several neurodegenerative diseases including Niemann-Pick disease type C, Huntington's disease, and AD (Pfrieger, 2003; Valenza et al., 2005) . Interestingly, a reduction of brain cholesterol levels is observed in the brains of AD patients (Vance et al., 2006) . Although cholesterol homeostasis plays an important role in the pathogenesis of neurodegeneration, the mechanism of its regulation is poorly understood.
Of the three human apoE isoforms (E2, E3, and E4), apoE4 is a strong risk factor for late-onset AD compared with apoE3 (Mahley, 1988; Bu, 2009 ). Brain apoE/lipoprotein particles, produced primarily by astrocytes, deliver cholesterol and other lipids to neurons via apoE receptors, which belong to the low-density lipoprotein (LDL) receptor family (Herz and Bock, 2002; Herz and Chen, 2006; Bu, 2009 ). The LDL receptor-related protein 1 (LRP1) is highly expressed in neurons of the CNS (Bu et al., 1994) . Studies have shown that LRP1 plays critical roles in lipoprotein metabolism, synaptic transmission, and clearance of A␤ peptide (Herz and Bock, 2002; Deane et al., 2004; Lillis et al., 2008; Bu, 2009 ). Interestingly, LRP1 levels are significantly reduced in AD brains (Kang et al., 2000) . The mechanisms by which LRP1 regulates brain lipid metabolism and synaptic integrity and functions remain elusive.
Although apoE and apoE receptors have been implicated in brain lipid metabolism, direct in vivo evidence is lacking. Using a genetically altered mouse model, we present evidence demonstrating a strong relationship between brain lipid metabolism and age-dependent dendritic spine and synaptic integrity and functions. We further explored the molecular mechanisms underlying the connection between brain lipid homeostasis and synaptic integrity and found that levels of glutamate receptor subunits NMDA receptor 1 (NMDAR1) and glutamate receptor 1 (GluR1) are selectively lower in the brains of LRP1 knock-out mice. Together, our results reveal a biological function for LRP1 in regulating brain lipid metabolism and synaptic function, providing a novel mouse model to study the A␤-independent neurodegenerative mechanism in AD and other age-related neurological diseases.
Materials and Methods
Materials. All tissue culture media and supplements were from Invitrogen. Anti-NMDAR1, anti-NR2A, anti-NR2B, and anti-GluR2/3 were from Millipore Bioscience Research Reagents; anti-GFAP and anti-GluR1 were from Abcam; anti-actin was from Sigma and anti-NeuN was from Millipore Bioscience Research Reagents; anti-active caspase-3 and anti-active caspase-6 were from Cell Signaling Technology; terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) staining kit was from Millipore Bioscience Research Reagents. In-house anti-LRP1 and anti-LDL receptor (LDLR) antibodies have been described previously (Liu et al., 2007) . Peroxidase-labeled anti-mouse antibody and enhanced illuminance (ECL) system were from GE Healthcare.
Western blot and densitometry analysis. Cells and brain tissues were lysed on ice in lysis buffer (PBS containing 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor mixture from Roche). Protein concentrations were determined using a protein assay kit (Bio-Rad). Equal amounts of protein from each sample were used for SDS-PAGE. The immunoreactive bands were visualized by enhanced chemiluminescence and exposure to film. For densitometric analyses, immunoreactive bands were scanned using a Kodak Digital Science DC120 Zoom camera and quantified using Kodak Digital Science image analysis software.
Immunofluorescence staining. Paraffin sections were blocked with 0.1% Tween-20, 5% goat serum in PBS for 30 min and stained for 2 h at room temperature with anti-Iba-1, anti-NeuN. Primary antibody was then visualized using Alexa488-labeled goat anti-mouse secondary antibody (Invitrogen). For GFAP staining, frozen sections were blocked and stained with anti-GFAP. Primary antibody was then visualized using Alexa633-labeled goat anti-rabbit secondary antibody (Invitrogen). Cells were counterstained with DAPI (Invitrogen). Fluorescent images were captured with a confocal microscope (Fluoview 500, Olympus).
TUNEL staining. For the in situ analysis of DNA fragmentation, the TUNEL staining was performed using a commercial kit (Millipore Bioscience Research Reagents). Paraffin sections were prepared from 24month-old Cre ϩ and Cre Ϫ mice. The biotin-labeled cleavage sites were visualized by reaction with fluorescein isothiocyanate-conjugated avidin (avidin-FITC).
Stereological analysis. Unbiased stereological cell counts were performed using the optical fractionator method (West et al., 1991) to assess the number of Nissl-positive cells in the cortex and hippocampus. The system consisted of a Nikon Eclipse E800 microscope attached to an Optronics camera with StereoInvestigator software (MicroBrightField). The frozen tissue block was serially sectioned into six series of 50-mthick sections and stained with 0.25% thionin (standard Nissl method). For analysis of Nissl-stained sections, a counting frame of 30 ϫ 30 m and a sampling grid of 150 ϫ 150 m were used.
Caspase activity. Caspase-3 and caspase-6 activities were measured using corresponding Caspase-Glo Assay kits (Promega), as described before (Jiang et al., 2005) . Briefly, 50 g of protein extracts of each tissue with equal volume were added to the Caspase-Glo reagents, and caspase activity was measured at 2-3 h. Measurements were performed in triplicate.
Golgi staining and dendritic spine analysis. Golgi staining was performed on 18-month-old Cre ϩ and Cre Ϫ mice using the FD Rapid Golgi Stain kit (FD Neuro Technologies), as described previously (Hoe et al., 2009) . Briefly, freshly dissected brains were immersed in solution A and B for 2 weeks at room temperature and then transferred to solution C for 24 h at 4°C. The pyramidal neurons in cortical layers II/III and in the CA1 region of the hippocampus were analyzed. Five neurons were randomly selected per region in each mouse. At least two segments were randomly chosen per neuron from both the apical oblique (AO) and basal shaft (BS) dendrites. Dendritic spines density was measured in a blinded manner.
Primary neuronal culture. Primary mouse cortical neurons were prepared from embryonic day 16 of C57BL/6J mice, as previously described (Hoe et al., 2009) . Cultures are grown in neurobasal medium supplemented with B27, 0.5 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Neurons were seeded at a density of 200,000 cells per well of 12-well plates or 400,000 cells per well of 6-well plates.
Lentivirus-delivered RNA interference. The lentivirus plasmids carrying LRP1 short hairpin RNA (shRNA) or LDLR shRNA were purchased from Sigma. Lentivirus was produced by the Washington University Hope Center Viral Vectors Core. For control infection, nontarget shRNA was used. Cortical neurons were infected with lentivirus at day 8 in vitro. After 4 or 5 d of infection, Western blotting or immunofluorescence staining was performed.
Primary astrocyte culture and conditioned medium. Primary cultures of astrocytes were prepared from individual neonatal (1-2-d-old) C57BL/6J mice and cultured in DMEM/Ham's F12 medium containing 10% FBS, 10% horse serum, and 1 mM sodium pyruvate, as described before (Morikawa et al., 2005) . Media were conditioned as described previously (Morikawa et al., 2005) . Briefly, astrocytes were cultured in serum-free DMEM/F12 media containing 1% N-2 supplement (Invitrogen), 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 g/ml streptomycin. Three days later, conditioned media were collected and used for neuronal culture.
Cellular cholesterol analyses. Cell lysates were prepared for cholesterol analysis by sonication in PBS with Complete protease inhibitor mixture. The homogenized whole-cell suspension was then subjected to enzymatic analysis for total cholesterol using the Amplex Red Cholesterol Kit (Invitrogen) (Liu et al., 2007) .
Animal model, behavioral analyses, and electrophysiology. LRP1 forebrain knock-out mice were generated by breeding the LRP loxP mice (Rohlmann et al., 1998) with ␣CaMKII-driven Cre recombinase mice (Tsien et al., 1996) . Littermates of Cre ϩ and Cre Ϫ mice at 13-18 months of age were used for behavioral analyses. Latency to clasping of the hindlimbs while suspended by the tail was measured for up to 3 min. Rotorod test was performed as previously reported (Qiu et al., 2006) , with mice given four trials per day for 2 consecutive days. Latency to remain on the Rotorod was averaged for each trial. The open field test was performed as previously reported (Weeber et al., 2002) . Total distance traveled in the open field chamber (27 ϫ 27 cm) during 15 min under standard room lighting conditions was assayed. Mouse activity was measured by 16 photoreceptor beams on all sides of the chamber connected to an Activity Monitor program (Med Associates). Zone analysis was performed to determine the time spent in the center of the chamber (designated by an 8 cm ϫ 8 cm region) compared with the perimeter. For fear conditioning, each mouse was placed in a Plexiglas chamber (26 ϫ 22 ϫ 18 cm; San Diego Instruments) containing a shock grid for 120 s before introduction of a conditioned stimulus (CS) (85 dB tone) for 30 s. The mouse received an unconditioned stimulus (US) (mild foot shock, 0.5 mA) for 2 s at the end of the conditioned stimulus. After 90 s, another CS-US pairing was presented, and the mouse was returned to its home cage after 2.5 min. Contextual-dependent fear conditioning was measured 24 h later by introducing the mouse to the same context for 3 min. Next, cued fear conditioning was measured by placing each mouse in a novel environment and allowing it to explore for 3 min before presentation of the CS (85 dB tone for 3 min). Freezing was measured by a CCD camera and defined as a lack of movement for a minimum of 2 s. Long-term potentiation (LTP) was performed as previously reported (Qiu et al., 2006) . Briefly, animals were killed, and the hippocampus was quickly dissected and recovered in an interface recording chamber. All slices were permitted a minimum 1 h recovery time before synaptic recording. Standard techniques as reported previously (Weeber et al., 2002) were used to obtain extracellular field recordings and delivery of two titanic train stimulations (100 Hz, 1 s train at a 20 s interval). All animal testing procedures were approved by the Institutional Animal Care and Use Committee of Washington University and Vanderbilt University and followed the National Institutes of Health guidelines for the care and use of laboratory animals.
Shotgun lipidomics analysis of brain lipids. Shotgun lipidomics analysis of lipids was performed as described previously (Cheng et al., 2007) . Lipids were extracted from each dissected brain tissue by the modified Bligh and Dyer method, as described previously (Cheng et al., 2007) . A triple-quadrupole mass spectrometer equipped with a Namomate device, and the Xcalibur system was used to analyze lipids. All tandem mass spectrometry analyses were automatically acquired by a customized sequence operated under Xcalibur software. Internal standards for quantification of individual molecular species of other lipid classes were added to each brain tissue sample.
A␤40 and A␤42 determinations. Mouse A␤40 and A␤42 levels were determined in hippocampal extracts by sandwich ELISA under denaturing conditions (0.5 M guanidine). The capturing antibody was 266 for A␤40 and 21F12 for A␤42, and the detection antibody was biotinylated 2G3 for A␤40 and biotinylated 266 for A␤42, as previously described (Zerbinatti et al., 2006) . Samples were diluted 10-fold in PBS containing 0.25% bovine serum albumin.
Statistical analysis. All quantified data represent an average of at least triplicate samples. All figure data represent the mean Ϯ SD. Statistical significance was determined by Student's t test, and p Ͻ 0.05 was considered significant (indicated by an asterisk in the figures).
Results

LRP1 expression is critical for brain lipid homeostasis
To investigate the roles of LRP1 in the adult brain, we generated conditional LRP1 forebrain knock-out mice by crossing Lrp1 floxP mice with ␣CaMKII-Cre mice (Liu et al., 2007) . Because ␣CaMKII-Cre is only expressed in neurons of the adult brain (Tsien et al., 1996) , the essential function of LRP1 during embryonic development (Herz et al., 1992) is preserved. LRP1 deletion in the forebrain was assessed by comparing LRP1 expression at the protein level between Cre ϩ (Lrp1 floxϩ/ϩ / Cre ϩ/Ϫ , LRP1-KO) and Cre Ϫ (Lrp1 floxϩ/ϩ /Cre Ϫ/Ϫ , WT littermate control) mice at 3, 6, 9, 12, 15, 18, 21, and 24 months of age. Consistent with ␣CaMKIIdriven Cre expression in forebrains of adult mice, LRP1 deletion in the cortex of Cre ϩ mice started between 3 and 6 months of age, and gradually reached maximum at ϳ12 months of age (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). The residual LRP1 expression at older ages likely represents those in glial cells (Moestrup et al., 1992) and along the brain vasculatures (Deane et al., 2004) . In addition, inactivation of the lrp1 gene was mostly specific to the forebrain, as no changes in LRP1 expression were detected in the cerebellum and pituitary (supplemental Fig. 1C , available at www. jneurosci.org as supplemental material).
LRP1 is a major apoE receptor in the brain (Liu et al., 2007) . To understand the role of LRP1 in brain lipid metabolism, shotgun lipidomics (Han and Gross, 2005; Yang et al., 2009 ) was used to analyze the molecular species of lipid extracts from cortexes of the Cre ϩ and Cre Ϫ mice, which were perfused with saline before dissection. We found that there were significantly lower levels of sulfatide ( Fig. 1 A-C) and galactosylceramide (GalCer) ( Fig.  1 D-F ) in Cre ϩ mice compared with Cre Ϫ littermate controls at 12 months of age. In addition, we found that cholesterol and triglyceride were both significantly decreased in the Cre ϩ mice compared with Cre Ϫ mice at 12 months of age ( Fig. 1G,H ) . To eliminate the possibility that blood might contaminate the lipid samples, we examined the expression of apoB, which is not expressed in the brain. We found that apoB was detected in the brain samples without perfusion, but not with perfusion, suggesting that the lipid samples we analyzed following perfusion were not contaminated by blood (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). Together, these results indicate that neuronal LRP1 is critical for brain lipid metabolism and that deletion of this receptor leads to global perturbation of brain lipid homeostasis.
LRP1 expression is important for the integrity of dendritic spines and synapses
Since lipids play critical roles in neuronal membrane structure, remodeling, and maintenance, we next examined dendritic spine structure from the pyramidal neurons of cortex by Golgi staining. The dendritic spines of the pyramidal neurons in the cortex were counted from AO and BS dendrites. We found that spine densities of AO and BS were significantly lower in Cre ϩ mice compared with Cre Ϫ mice at 18 months of age ( Fig. 2 A, B) , but not at 12 months of age (data not shown). We also analyzed spine density and morphology in pyramidal neurons of the CA1 region in the hippocampus and found that there were similar decreases in spine density in Cre ϩ mice (Fig. 2C,D) in both AO and BS dendrites. These data demonstrate that LRP1 deletion leads to an age-dependent reduction in dendritic spines in pyramidal neurons of the cortex and hippocampus.
The spine abnormalities in Cre ϩ mice prompted us to analyze whether synaptic density was also affected by neuronal LRP1 deletion. We analyzed the protein levels of synaptophysin and postsynaptic density-95 (PSD-95), which are presynaptic and postsynaptic markers respectively, by Western blotting and found no significant differences in these synaptic markers between Cre ϩ and Cre Ϫ mice at 12 months of age (supplemental Fig. 2 B, C, available at www.jneurosci.org as supplemental material). However, significant decreases in synaptophysin and PSD-95 were found in Cre ϩ mice at 18 months of age ( Fig. 2 E, F ) , suggesting that LRP1 deletion leads to synaptic degeneration in an age-dependent manner.
The pathological changes in Cre ϩ mice led us to speculate that LRP1 deletion may lead to neuroinflammation in the brain. To test this possibility, we measured reactive astrocyte and microglial activation in the hippocampus of Cre ϩ and Cre Ϫ mice. Immunofluorescence staining showed that GFAP-positive astrocytes in the CA1 and dentate gyrus (DG) regions, but not in CA3 region, were increased in Cre ϩ mice at 18 months of age ( Fig. 3A) . Consistent with this finding, LRP1 has been found to be highly expressed in the CA1 and DG regions, but not in the CA3 region (Allen Brain Atlas, http://www.brain-map.org/). Increased glial activation in the hippocampus of Cre ϩ mice at 18 months of age was confirmed by increased levels of GFAP expression as detected by Western blot analysis ( Fig.  3 B, C) . To assess microglial activation, we performed Iba-1 staining and found that Iba-1-positive cells were significantly increased in the CA1 and DG regions, but not in the CA3 region, of Cre ϩ mice (Fig. 3D ). Increased microglial activation in the hippocampus of Cre ϩ mice at 18 months of age was also confirmed by increased Iba-1 expression levels when analyzed by Western blotting (Fig. 3 E, F ) . To further confirm microglial activation, we measured the expression levels of the proinflammatory cytokines interleukin (IL)-1␤, tumor necrosis factor (TNF)-␣, and IL-6 by real-time PCR and found that expression of these cytokines was significantly increased in the hippocampus of Cre ϩ mice (Fig. 3G) . These results indicate that neuronal LRP1 deletion leads to neuroinflammation, which could be either a result of spine/synapse degeneration and/or an independent event.
Neurobehavioral abnormalities in LRP1 conditional knock-out mice
The Cre ϩ mice did not exhibit any phenotypes during the first 12 months before LRP1 deletion reached maximum. However, starting at 13 months of age, Cre ϩ mice gradually developed behavioral abnormalities that included motor dysfunction and memory deficits. When suspended by the tail, 13-month-old Cre Ϫ mice displayed escape reflexes (hindlimb spread), whereas age-matched Cre ϩ mice promptly clasped their hindlimbs ( Fig.  4 A, B) . Because the rotarod paradigm is a widely used measure of motor coordination in mouse models, we performed this test with 18-month-old Cre ϩ and Cre Ϫ mice. We found that the Cre ϩ mice were impaired from the second trial and stayed on the rod for less time than did Cre Ϫ mice (Fig. 4C ). Interestingly, a previous report by Herz and colleagues (May et al., 2004) demonstrated that pan-neuronal LRP1 deletion leads to severe behavioral and motor abnormalities including hyperactivity, muscle tremor, dystonia, and escape reflexes. In addition, we performed the open field test to analyze general locomotor activity. In comparing the total distance traveled during a 15 min exposure to the chamber, we found that Cre ϩ mice traveled significantly longer distance than Cre Ϫ mice (Fig. 4 D) . These results indicate that LRP1 deletion in the forebrain neurons leads to hyperactivity in mice.
Because spine degeneration and synapse loss were observed in the hippocampus and frontal cortex in 18-month-old Cre ϩ mice, we next compared memory performance between Cre ϩ mice and Cre Ϫ mice at 18 months of age. We first analyzed the freezing response of Cre ϩ and Cre Ϫ mice to unconditioned stimulus and found that Cre ϩ mice showed a similar freezing response compared with Cre Ϫ mice during the last minute of training ( Fig. 4 E) , suggesting that hyperactivity in Cre ϩ mice does not affect the freezing response. We next evaluated both contextual and cued fear memory in Cre ϩ and Cre Ϫ mice 24 h after fear conditioning. Cre ϩ mice exhibited significantly less freezing time than did the Cre Ϫ mice in both the context test and cue tests (Fig. 4 F, G) , suggesting that LRP1 deletion impaired memory at this age. We further measured the long-term potentiation in hippocampal slices of the 18-month-old Cre ϩ and Cre Ϫ mice. Consistent with impaired memory performance in Cre ϩ mice, Cre ϩ mice showed severe LTP deficit compared with Cre Ϫ mice (Fig.  4H) . Together, these results demonstrated impaired motor function and memory performance in LRP1 forebrain knock-out mice and indicate a critical role for LRP1 in maintaining neuronal integrity and function in adult brains.
LRP1 expression in aged mice is important for neuronal survival
To gain further insights into neuronal function of LRP1 and to examine whether synapse loss and neuroinflammation lead to eventual neuronal death, TUNEL staining and NeuN staining were performed to analyze potential neuronal death. No significant neurodegeneration was observed in Cre ϩ mice at 18 months of age (data not shown). However, at 24 months of age, Cre ϩ mice showed significant increase in TUNEL-positive cells in the cortex and hippocampus compared with Cre Ϫ mice ( Fig. 5 A, B) . Further, we also found at 24 months of age that Cre ϩ mice showed a significant decrease in NeuNpositive cells in the cortex and hippocampus compared with Cre Ϫ mice (Fig.  5C,D) , suggesting that LRP1 deletion led to age-dependent neurodegeneration. To further confirm this neurodegeneration in Cre ϩ mice at 24 months of age, we performed unbiased stereological analyses of Nissl-stained cells. Consistent with the NeuN staining results, we found that Cre ϩ mice showed significantly fewer neurons in the cortex and CA1 region of hippocampus compared with Cre Ϫ mice (Fig. 5E ). Additionally, we found that the protein levels ( Fig.  5 F, G) and the activities (Fig. 5 H, I ) of active caspase-3 and active caspase-6 were significantly increased in Cre ϩ mice at 24 months of age ( Fig. 5 F, I ) . To examine whether the decreased neuronal survival in Cre ϩ mice was due to potentially increased A␤ levels, as LRP1 has been implicated in A␤ clearance (Bu, 2009) , we compared mouse endogenous A␤ levels in Cre ϩ and Cre Ϫ mice. We found that the levels of A␤42 and A␤40 in the hippocampus were decreased in Cre ϩ mice at 18 months of age (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
These results are consistent with a function of LRP1 in promoting amyloid precursor protein endocytosis and processing to A␤ (Cam et al., 2005) , and suggest that the decreased neuronal survival in Cre ϩ mice is unlikely due to changes in A␤ levels. Together, these results demonstrate that LRP1 expression is critical for neuronal survival in the brains of aged mice, likely through an A␤-independent mechanism.
LRP1 plays a critical role in transporting cholesterol and maintaining neurite integrity in primary neurons
It has been reported that apoE/cholesterol particles produced by astrocytes promote synapse formation in a manner that depends on the function of apoE receptors (Mauch et al., 2001) . Because LRP1 is one of the major apoE receptors in the brain (Bu, 2009 ), we directly assessed the roles of LRP1 in maintaining the integrity Figure 3 . Neuroinflammation in LRP1 forebrain knock-out mice. A, Immunofluorescence staining using a GFAP antibody (detected with Alexa 568, red) and nucleic marker DAPI (blue). Shown are representative stainings of the hippocampus of 18month-old Cre ϩ and Cre Ϫ mice. Scale bars, 50 m. B, GFAP expression in the hippocampus was evaluated in 18-month-old Cre ϩ and Cre Ϫ mice by Western blotting. C, Densitometric quantification of GFAP expression was performed as described in Experimental Procedures (n ϭ 4). Note that GFAP expression was significantly increased in Cre ϩ mice. D, Immunofluorescence staining using a Iba-1 antibody (detected with Alexa 488, green). Shown are representative stainings of the hippocampus of 18-month-old Cre ϩ and Cre Ϫ mice. Scale bars, 25 m. E, Iba-1 expression in the hippocampus was evaluated in 18-month-old Cre ϩ and Cre Ϫ mice by Western blotting. F, Densitometric quantification of Iba-1 expression was performed as described in Experimental Procedures (n ϭ 4). Note that Ib-1 expression was significantly increased in Cre ϩ mice. G, Expression of IL-1␤, IL-6, and TNF-␣ at the mRNA level in the hippocampus of 18-month-old Cre ϩ and Cre Ϫ mice (n ϭ 5) was evaluated by real-time PCR. Note that the levels of IL-1␤, IL-6, and TNF-␣ were significantly increased in the Cre ϩ mice compared with Cre Ϫ mice. The data represent the means Ϯ SD of at least four separate animals. *p Ͻ 0.01. of spines and synapses in primary neurons cultured in astrocyteconditioned medium containing cholesterol. Lentivirus-mediated delivery of shRNA was used to knock down the expression of LRP1 in primary cortical neurons. LRP1 was efficiently knocked down 4 d after infection with lentivirus carrying LRP1 shRNA (Fig. 6A,B) . To examine the function of LRP1 in neuronal lipid transport, we concentrated conditioned media from astrocytes of wild-type or apoE3 target replacement mice, and incubated them with neurons treated with either control lentivirus or lentivirus carrying LRP1 shRNA. Knockdown of LRP1 expression by shRNA significantly reduced cholesterol content in neurons treated with conditioned medium from the astrocytes of wild-type or apoE3 target replacement mice (Fig. 6C) . At day 6 following lentiviral infections, neurites were dramatically decreased and degenerated in neurons infected with LRP1-shRNA but not in controls ( Fig. 6 D, E) . Further, we also found significant decreases in synaptophysin and PSD-95 in neurons infected with LRP1-shRNA but not in controls (Fig. 6 F, G) . These results suggest that neuronal LRP1 plays a predominant role as an apoE transport receptor in maintaining neurite integrity.
LRP1-mediated cholesterol transport regulates the expression of glutamate receptors NMDAR1 and GluR1
To dissect the mechanism underlying the abnormal synaptic dysfunction and behavioral deficits in Cre ϩ mice, we analyzed the expression of NMDA and AMPA glutamate receptors, which are critical for glutamate-mediated neurotransmission in the brain. Protein levels of NMDAR1 and GluR1 were significantly decreased in 18-month-old Cre ϩ mice compared with age-matched Cre Ϫ mice, as determined by immunoblotting ( Fig. 7 A, B) . This appeared to be an age-dependent effect as no significant changes were detected in 12month-old Cre ϩ mice compared with age-matched Cre Ϫ mice (supplemental Fig. 4 A, B , available at www.jneurosci.org as supplemental material). To investigate whether changes in the expression of NMDAR1 and GluR1 occurred at transcriptional level, we compared NMDAR1 and GluR1 mRNA levels by real-time PCR. As shown in supplemental Figure 4C (available at www.jneurosci.org as supplemental material), NMDAR1 and GluR1 mRNA levels were not significantly altered in 18-month-old Cre ϩ mice when compared with age-matched Cre Ϫ mice. As controls, we also compared the expression of neurotrophin receptors TrkA and p75 in 18-month-old Cre ϩ and Cre Ϫ mice by Western blotting and found no significant differences in the expression of these receptors (supplemental Fig. 4 D, E , available at www.jneurosci.org as supplemental material). To understand whether impaired lipid metabolism in LRP1 forebrain knock-out mice was responsible for decreased expression of NMDAR1 and GluR1, we investigated the role of LRP1 and cholesterol in regulating the expression of these glutamate receptors in primary neurons. Consistent with the in vivo data, we found that the expression of NMDAR1 and GluR1 was significantly reduced in LRP1 knocked down neurons (Fig. 7C,D) . When a cholesterol (10 g/ml) supplement was administered to LRP1-knockdown neurons, expression of NMDAR1, but not GluR1, was restored ( Fig. 7 E, F ) . Further, when primary neurons were treated with cholesterol synthesis inhibitor simvastatin, expression level of NMDAR1, but not LRP1, was significantly decreased (supplemental Fig. 5 A, B , available at www.jneurosci.org as supplemental material). These results suggest that LRP1 likely regulates NMDAR1 level at least partially by modulating cholesterol homeostasis.
Discussion
Although apoE4 and impaired lipid metabolism have been implicated in the pathogenesis of AD, the underlying molecular mechanisms and pathways are not clear. In this study, we showed that deletion of the apoE/lipoprotein receptor LRP1 from forebrain neurons of adult mice leads to global impairment in brain lipid metabolism. More interestingly, the reduced brain lipid levels correlated with progressive, age-dependent degeneration of dendritic spines and synapses, impaired neurobehaviors, and eventual neurodegeneration. We further showed that reduced levels of selective glutamate receptors may contribute to impaired synaptic functions in LRP1-KO mice. Together, our work provides strong evidence that brain lipid metabolism is critical for maintenance of the integrity and functions of neuronal synapses, and establishes a novel mouse model in which impaired brain lipid metabolism leads to age-dependent dendritic spine, synapse, and neurodegeneration.
LRP1 is a major neuronal receptor for brain apoE/lipoprotein (Liu et al., 2007; Bu, 2009) . It is highly expressed in neurons, and its rapid endocytosis (Li et al., 2000) and efficient recycling (van Kerkhof et al., 2005) likely contribute to its role as a key lipid transporter for neurons. Cholesterol is an essential component of membranes and myelin sheaths, and is crucial for synaptic integrity and neuronal function. Because LRP1 levels are significantly reduced in AD brains, which correlate with increased AD susceptibility (Kang et al., 2000) , it is tempting to speculate that decreased LRP1 levels in AD could be directly responsible for cholesterol loss and related synaptic dysfunction independently of A␤ accumulation. GalCer and its sulfated derivative, sulfatide, are major lipid components in the myelin sheaths (Ishizuka, 1997; Merrill et al., 1997) . Deletion of ceramide galactosyltransferase (CGT), which is required for the synthesis of GalCer and sulfatide, leads to dysmyelinosis and death of CGT knock-out mice (Bosio et al., 1996; Coetzee et al., 1996) . It has been found that a marked decrease of sulfatide levels in the brain is associated with AD pathology (Han et al., 2002) , and that sulfatides are specifically associated with apoE-containing high-density lipoprotein-like particles (Han et al., 2003) . In the adult brain, apoE/lipoprotein particles are synthesized and secreted primarily by astrocytes (Pfrieger, 2003; Puglielli et al., 2003) . ApoE particles then acquire sulfatides from the myelin sheaths likely through a "kiss-and-run" mechanism (Han, 2007) . These sulfatidecontaining apoE particles can be internalized by neurons via lipoprotein receptors and then hydrolyzed in neuronal lysosomes, allowing intracellular release of free cholesterol, sulfatide, and other lipids (Pfrieger, 2003; Han, 2007) . A function for LRP1 in brain lipid metabolism has been postulated (Han, 2007) , but direct biological evidence had been lacking. Our findings provide direct evidence that deletion of LRP1 significantly alters the brain levels of sulfatide, GalCer, and cholesterol, all of which are critical for the integrity of neuronal membranes, dendritic spines, and synapses. Interestingly, triglyceride was also decreased in the LRP1 knock-out mice. Previous studies have demonstrated that apoE is associated with triglyceride metabolism in the nervous system (Cheng et al., 2007) . It has been reported that triglycerides account for Ͻ1% of the total lipids in mouse brain (Su and Sun, 1978) . However, the exact function of triglyceride in the brain is not clear. It is generally accepted that brain energy metabolism was solely dependent on the glucose. However, increasing evidence shows that brain also used other energy resources, such as ketone, under the conditions of inadequate glucose availability or increased energy demands (Prins, 2008) . Although brain cannot directly use fatty acids as an energy source, they can be converted to ketone and used by the brain. The glycerol component of triglycerides can be converted into glucose, via gluconeogenesis, and used as an energy source (Cherrington et al., 1991) . Although triglyceride is not abundant in the brain, it is tempting to speculate that triglyceride may be used as an alternative energy source under certain conditions. Dendritic spines are tiny protrusions along dendrites, which are essential for excitatory synaptic transmission. A loss or alteration of spines has been described in AD patients and in AD mouse models (Knobloch and Mansuy, 2008) . We also found significant decrease in dendritic spine density in the hippocampal and cortical regions of LRP1-KO mice at 18 months of age. Synaptic degeneration appears to be an early event in the pathogenesis of AD (Masliah et al., 2001; Scheff et al., 2007) , and synaptic impairment is likely to be the major contributor to memory loss in AD (Shankar and Walsh, 2009 ). These dendritic spine degen-eration and synaptic losses in LRP1 knock-out mice are likely due to the impairment of lipid metabolism. We found that while lipid metabolism is impaired at 12 months of age in LRP1 forebrain knock-out mice, degeneration of dendritic spines and synapses occurs only at older ages (18 months). Changes in the metabolism of other LRP1 ligands may also contribute to these defects. For example, thrombospondins, secreted by astrocytes, promote CNS synaptogenesis in vitro and in vivo (Christopherson et al., 2005) . Further, tissue plasminogen activator (tPA) plays an important role in the LTP and synaptic growth in the hippocampal mossy fiber pathway (Baranes et al., 1998) . Since both thrombospondins and tPA are ligands of LRP1, potential changes in their metabolism may also contribute to synapse loss and behavioral deficits in LRP1 knock-out mice.
The most important feature of AD pathology is neurodegeneration. In most amyloid model mice, neuronal loss was reported only after the dramatic occurrence of amyloid plaques (Bredesen, 2009 ). In our LRP1 knock-out mouse model, we observed significant neurodegeneration in the hippocampus and cortex in the Figure 6. LRP1 knockdown in primary neurons results in neurite degeneration. A, Primary cortical neurons cultured from wild-type C57BL/6J mice were infected by lentivirus carrying LRP1-shRNA on day 8 of in vitro culture. On day 4 and day 5 after infection, LRP1 expression was analyzed by Western blotting. B, Densitometric quantification of LRP1 expression showed that LRP1 was effectively knocked down on day 5 after infection with lentiviral shRNA. C, Following infection of lentiviral LRP1-shRNA in primary neurons, conditioned media from astrocytes of wild-type (WT) control or apoE3 target replacement mice with equal amounts of apoE were added and incubated with neurons for 24 h. Total cholesterol content in neurons under each condition was measured. D, Following infection of lentiviral LRP1-shRNA in primary neurons, conditional media from WT astrocytes was added to the neuronal culture media and immunofluorescence staining was assessed using a microtubule-associated protein (MAP)-2 antibody (detected by Alexa 488, green). Shown are images of representative staining. E, Quantification of neurite length and numbers of MAP-2 staining neurons indicates that LRP1 knockdown significantly reduces the length and numbers of neurites in primary cultured neurons. F, Following infection of lentiviral LRP1-shRNA in primary neurons, expression of synaptophysin, PSD-95, and actin was analyzed by Western blotting. G, Densitometric quantification of Western blots in F showed that the expression of synaptophysin and PSD-95 was significantly decreased in LRP1 knocked down neurons. The data represent the means Ϯ SD. *p Ͻ 0.05, **p Ͻ 0.01. absence of amyloid pathology only at 24 months of age, but not at 18 months of age. These pathological events parallel the progressive synaptic loss and neurodegeneration found in human AD brains (Shankar and Walsh, 2009 ). The neuroinflammation observed in LRP1 forebrain knock-out mice further indicates that neuropathology in the aged brain can occur in parallel with spine/synaptic loss in the absence of amyloid pathology.
The NMDA and AMPA receptors play essential roles in LTP, which is widely considered a major cellular mechanism underlying learning and memory. LTP is impaired in plaquebearing AD transgenic mice and in the brain slices that were treated with A␤ peptides (Querfurth and LaFerla, 2010) . Disruptions of ion currents in the postsynaptic glutamate receptor result in part from the loss of surface NMDA receptors (Snyder et al., 2005) or AMPA receptors (Hsieh et al., 2006) . Interestingly, we found that LRP1 deletion selectively decreases the protein levels of NMDAR1 and GluR1 in the brain and in primary cultured neurons. The decreased levels of NMDAR1, but not GluR1, can be rescued by addition of cholesterol to cultured neurons, suggesting that both cholesterol-dependent and independent mechanisms could contribute to the reduced levels of these glutamate receptor subunits in LRP1-deficient neurons. Interestingly, a previous study has demonstrated that addition of cholesterol to cultured neurons strongly enhances the number and efficacy of synapses (Mauch et al., 2001) . Conversely, depletion of cholesterol/sphingolipid leads to instability of surface AMPA receptors and gradual loss of synapses and dendritic spines (Hering et al., 2003) . The exact relationship between the loss of dendritic spines/synapses and selective glutamate receptors in LRP1 forebrain knock-out mice requires further investigation.
Our current study defines a critical role for LRP1 at synapses in the adult brain. Interestingly, a previous report by Herz and colleagues (May et al., 2004) demonstrated an important role for LRP1 in synaptic transmission by regulating the function of NMDAR and PSD-95 at the postsynapses. In that study, LRP1 deletion in the SynI-Cre model was detectable much earlier and throughout the entire CNS. In contrast, with our current CaMKII-Cre model, LRP1 deletion started between 3 and 6 months of age and gradually peaked at ϳ12 months of age and was restricted to the forebrain regions. Unlike the Syn-Cre/LRP1 mutant mice, which mostly died prematurely between 6 and 9 months of age, the CaMKII-Cre/LRP1 mutant mice live to old age, which allows us to analyze the function of LRP1 in the adult brain in an age-dependent manner. SynI-Cre/LRP1 mutant mice develop severe behavioral and motor abnormalities including hyperactivity, dystonia and systemic tremors starting ϳ3 weeks after birth. This more severe and earlier phenotype emphasized a crucial role for LRP1 in motor circuitry and muscle control, but effectively precluded examining another critical role for LRP1 in the adult CNS (i.e., maintaining brain lipid homeostasis and associated age-dependent synaptic and neuronal integrity as we have described here).
In summary, this study uncovers a biological function for LRP1 in modulating brain lipid metabolism and the integrity of dendritic spines, synapses, and neuronal viability. These agedependent events strongly resemble the neuropathology seen in human AD brains. Our results also provide important insights into how apoE and apoE receptors participate in brain lipid metabolism, which is critical for maintaining the integrity and function of brain synapses. Since the 4 allele is the only genetic risk Figure 7 . LRP1 deletion leads to decreased levels of NMDAR1 and GluR1. A, Expression of NMDAR1, NR2A, NR2B, GluR1, and GluR2/3 in the cortex were evaluated in 18-month-old Cre ϩ and Cre Ϫ mice by Western blotting. B, Densitometric quantification of Western blots in A was performed as described in Experimental Procedures (n ϭ 4). Note that expression of NMDAR1 and GluR1 was significantly reduced in Cre ϩ mice. C, Primary cortical neurons cultured from wild-type C57BL/6J mice were infected by lentivirus carrying LRP1-shRNA on day 8 of in vitro culture. On day 5 after infection, expression of LRP1, actin, NMDAR1, NR2A, NR2B, GluR1, and GluR2/3 were analyzed by Western blotting. D, Densitometric quantification of Western blots in C showed that expression of NMDAR1 and GluR1 was significantly reduced in LRP1 knocked down neurons. E, Following infection of lentiviral LRP1-shRNA or control lentivirus in primary neurons, cholesterol was added to the neuronal culture media for 2 d and Western blotting was performed to assess the expression of LRP1, NMDAR1, and GluR1. F, Densitometric quantification of expression of LRP1, NMDAR1, and GluR1 showed that expression of NMDAR1, but not GluR1, was partially rescued by cholesterol in LRP1 knocked down neurons. The data represent the means Ϯ SD. *p Ͻ 0.05, **p Ͻ 0.01. factor for late-onset AD, future studies should explore how the apoE alleles (E2, E3, E4) differentially affect LRP1 function with age.
